INTRODUCTION
DJ-1 is known as a genetic cause for the early-onset Parkinson's disease (PD) (1) . Since its first discovery as an oncogene (2) , various roles of this protein have been reported, primarily in protecting cells from oxidative stress (3, 4) and exerting neuroprotection against PD-causing agents, such as MPP + , 6-OHDA and rotenone (5 -7) . Although DJ-1 and its homologs have been primarily implicated in oxidative stress, its precise biochemical mechanism remains unknown. The protective effects of DJ-1 against oxidative stress were demonstrated in various species, including mammalian cells (3), Drosophila melanogaster (5) and Caenorhabditis elegans (8, 9) . For C. elegans DJ-1, a knockdown study was carried out to demonstrate that the animal exhibited an increased vulnerability to rotenone, which was rescued by antioxidants (8) .
a-Oxoaldehydes including glyoxal (GO) and methylglyoxal (MGO) are produced by glucose oxidation, lipid peroxidation and DNA oxidation (10) . They react non-enzymatically with amino groups of proteins, forming advanced glycation end-products (AGEs), which were implicated in aging, diabetes and neurodegenerative diseases, such as Parkinson and Alzheimer (11 -13) , as well as in apoptosis of cells, including neurons (14) . These reactive electrophiles are known to be removed by the glutathione-dependent glyoxalase (GLO I and II) (15) and NAD[P]H-dependent aldo-keto reductase (AKR) (16) . A novel type of glyoxalase, named Glo III, has been reported in Escherichia coli (17) , converting methylglyoxal into lactic acid in the absence of any co-factor. Recently, we characterized the product of the E. coli hchA gene as glyoxalase III, which is also a remote member of DJ-1 superfamily (18) . Here, we characterized human DJ-1 and its homologs in the mouse and C. elegans as glyoxalases and investigate their roles in protecting cells, neurons and worms from glyoxals. The presence of DJ-1 enzymes enhanced cell and worm viabilities when exposed to these oxoaldehydes, and in particular protected dopaminergic neurons from their toxicities. * To whom correspondence should be addressed. Tel: +82 423502629; Fax: +82 423504240; Email: ckpark@kaist.ac.kr (C.P.); Tel: +82 328607691; Fax:+82 328746737; Email: jhokim@inha.ac.kr (J.K.)
RESULTS

Human DJ-1 and its homologs are glyoxalases
The bacterial glyoxalase III (HchA protein) shares a homology with the DJ-1 subfamily proteins in its major catalytic domain, although the bacterial enzyme contains an extra domain surrounding the active site (19) . Although the human/mouse DJ-1 and C. elegans homologs are somewhat diverged from their bacterial counterpart in both the sequence and structure, the catalytic residues of histidine, cysteine and glutamic acid (18) are always found in the presumed active site ( Fig. 1A and B) . The structures of mDJ-1, cDJR-1.1 and cDJR-1.2 were obtained based on homology modeling (Supplementary Material, Fig. S1 ). Even though the bacterial and animal enzymes contain the three catalytic residues, they are not conserved in the primary sequences. Rather, they seem to be arisen independently during their lineages, especially the histidine residues. Based on the recent characterization of the bacterial enzyme, we carried out an experiment for animal enzymes to determine whether they exhibit glyoxalase activities. The His-tagged hDJ-1, mDJ-1, cDJR-1.1 and cDJR-1.2 were purified using the Ni-affinity column and were used to determine the enzymatic activity and conditions for the catalytic reaction (Materials and Methods, Supplementary Material, Fig. S2 ). The results show typical Michaelis -Menten kinetics for all the enzymes tested ( Fig. 2B and D, Supplementary Material, Table S1 ). The reaction products were identified by 1 H-NMR and high-performance liquid chromatography (HPLC), such that lactic and glycolic acids were produced from methylglyoxal and glyoxal, respectively ( Fig. 2A and C) . Various types of aldehydes, including acetaldehyde, acrolein, glyceraldehydes, 2,3-butanedione and 2-carboxybenzaldehyde, were also tested as substrates, in which none of them was shown to be positive (unpublished data). The DJ-1 homologs have in general slightly higher affinities to methylglyoxal than to glyoxal, while specific activities are higher for glyoxal than for methylglyoxal (Table 1) . Although the DJ-1 proteins react with phenylglyoxal, a synthetic substrate, 3-deoxyglucosone did not serve as a substrate (unpublished data). (Clustal W) between human, mouse, C. elegans and E. coli DJ-1 homologs. Three predicted catalytic residues are highlighted. (B) Molecular models drawn with Chimera (www.cgl.ucsf.edu/chimera). The X-ray structure of human DJ-1 (blue) is superimposed with the structure of E. coli HchA (red), with their catalytic residues marked. Distances between the residues are also presented. (C) Enzyme activities of WT and mutant DJ-1s. K cat values for GO and MGO were measured with DNPH assay, using 50 mg (WT) and 100 mg (mutants) of purified proteins.
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Human Molecular Genetics, 2012, Vol. 21, No. 14 Since the animal DJ-1 homologs have similar catalytic structures to that of the bacterial enzyme (18), we undertook an approach to mutate these residues and see whether they play the same catalytic roles. The human DJ-1 proteins with E18A, E18D, E18N, E18Q, C106A and H126A mutations were purified and tested for their abilities to convert glyoxals (Fig. 1C) . As in the case of the bacterial enzyme, the changes in invariant cysteine and glutamic acid completely removed the enzyme activity, whereas the histidine change left some amount (ca. 10%) of enzyme activity. We also generated a mutation of L166P found in familial Parkinsonism, which exhibits significant defect in glyoxalase activity. The C106S mutation in cDJR-1.1 also completely abolished its enzymatic activity (Table 2) , confirming the essential role of cysteine in glyoxalase.
The novel glyoxalase characterized here appears to be the only cofactor-independent enzyme in animals as in E. coli, since the removal of djr-1.1 and/or djr-1.2 genes in C. elegans from the wild-type (WT) N2 worms eliminate glyoxalase activity, which were rescued in djr-1.1 or djr-1.2 transgenic worms (Table 2) ; the loss of cDJR-1.1 decreased 71% of the enzyme activity for GO and the loss of cDJR-1.2 decreased 28%. The same is true for the mouse (Table 2) , in which crude brain extracts of knockout mice did not show significant activities for converting glyoxal to glycolic acid. In our initial attempt to purify co-factor independent enzyme from mouse liver (Supplementary Material,  Table S2 ), such activity was strongly correlated with the presence of mDJ-1 that was monitored by immunoblot (unpublished data), again suggesting mDJ-1 as the sole glyoxalase. Previously, it was reported that human blood plasma contains some amount of glyoxal, ca. 1.15 + 0.34 mM (20). When we measured the levels of free glyoxal in the mouse and C. elegans, they were estimated to be 1.11 + 0.14 (WT) Figure 2 . Characterization of the DJ-1 homologs as glyoxalases. (A) Purified human DJ-1 (50 mg) was mixed with GO (5 mM) or MGO (3 mM) for 30 min, and their reaction products, glycolic acid and lactic acid (two peaks), respectively, were analyzed with NMR. The peak appeared at 2 ppm is acetate contained in the reagent from Sigma, and ( * ) indicates ethylene glycol, a contaminant. (B) The glyoxalase reaction of DJ-1 was also analyzed with DNPH assay, from which initial velocities were plotted with Michaelis-Menten and Lineweaver -Burk (inset) equations. Error bars represent standard deviations with triplicate experiments. (C) Purified DJ-1s from C. elegans were mixed with GO (10 mM) or MGO (10 mM), from which glycolic and lactic acids were detected by HPLC. The products were formed proportional to reaction time. (D) Enzyme reactions with cDJR-1.1 (100 mg) and cDJR-1.2 (100 mg) were monitored and plotted as described in (B). 
Expression patterns of the DJ-1 proteins
Mammals contain a single DJ-1 homolog, while C. elegans has two isoforms. Previous studies indicate that the DJ-1 protein is ubiquitously distributed in all types of tissues (http://biogps. org). Expressions in tissues including the heart, skeletal muscles, pancreas, liver, testis and brain were reported in the human by northern blot analysis (2, 24) . It was also reported that DJ-1 is highly expressed in the substantia nigra and the frontal cortex (25) . A similar pattern of DJ-1 expression was observed in the mouse, especially in the hippocampus, cerebral cortex and substantia nigra (26) . We observed considerable variation in mDJ-1 expressions, significantly higher in the brain and liver relative to that of the embryonic fibroblast (unpublished data).
To understand the function of DJ-1 homologs in C. elegans, we first examined localizations of expressions in transgenic worms carrying a green fluorescent protein (GFP) fusion construct to the promoter regions of djr-1.1 or djr-1.2 (P djr-1.1 ::-djr-1.1::gfp and P djr-1.2 :: gfp::djr-1.2). Expression of cDJR-1.1::GFP was detected exclusively in the intestine, while GFP::cDJR-1.2 was expressed in various tissues, including pharyngeal muscles, pharynx-intestinal valve, ventral nerve cord, spermatheca, rectal gland, inner labial (IL) cells of head neurons, phasmid (PHA/PHB) neurons in tail and supporting sheath/socket cells throughout the whole stages of worms (Fig. 3A) . Additional expression of cDJR-1.2 in headmesodermal cell (HMC), excretory canals and coelomocytes was also observed in 5-day adult stages (Fig. 3B ). Since DJ-1 has been implicated in PD, we examined whether cDJRs are expressed in dopaminergic neurons. When we generated a transgenic line carrying both dopaminergic neuronal marker P dat-1 :: mCherry and GFP::cDJR-1.2, we did not observe cDJR-1.2 expression in a detectable amount in any of the eight dopaminergic neurons (CEPs, ADEs and PDEs, unpublished data). The major expression sites of cDJR-1.1 and cDJR-1.2 do not overlap and are fairly consistent throughout the whole larval and adult stages of worms. When we examined the subcellular localization of cDJRs, cDJR-1.1 was found in both the nucleus and cytoplasm of the intestinal cells, whereas cDJR-1.2 was detected only in the cytosol of head neurons (Fig. 3C ). These localization patterns of cDJRs were consistent with those of COS-7 cells transfected with Flag-tagged cDJRs, confirmed by immunostaining with anti-Flag antiserum conjugated with fluorescein isothiocyanate (FITC), as well as by cell fractionation ( Fig. 3D -E) . cDJR-1.1 was ubiquitously localized throughout the whole cells with higher expression in the nucleus, while cDJR-1.2 was only present in the cytoplasm, which was also confirmed with enhanced green fluorescent protein-cDJR (Supplementary Material, Fig. S3 ).
Roles of DJ-1 in protecting cells and worms from glyoxal-induced death
We prepared mouse embryonic fibroblast (MEF) cells from the DJ-1 knockout mouse and generated derivatives stably expressing WT or mutant hDJ-1s under the viral promoter, since the mDJ-1 expression in MEF is quite low. When we treated glyoxal for mDJ-1 knockout MEFs carrying the WT and catalytic mutant forms of hDJ-1s, we observed significant protection of cells containing the WT DJ-1 from glyoxal, thereby enhancing cell viability (ca. 63%) compared with those of knockout and catalytic mutants (Fig. 4A ). Similar protection of dopaminergic neuronal cells (SH-SY5Y) from human was observed with stably expressed human DJ-1 compared with that of the vector control. The presence of additional DJ-1 in SH-SY5Y cell increased protection to glyoxal, with .45% of cell survival. The protection by DJ-1 appears to be specific for glyoxals, since the treatments with other types of aldehydes have nothing to do with the presence of DJ-1 (Supplementary Material, Fig. S4 ). a-Oxoaldehydes were previously shown to induce apoptosis in neuronal cells (14) , so that we tested whether DJ-1 protects neurons from glyoxal-induced apoptosis (Fig. 4B ). As shown in Figure 4B , an increase in the PARP-1 cleavage was observed in cells with less DJ-1 relative to that of cells with more DJ-1, so does the increase in phosphorylation of p38. The results imply that the protection from glyoxal by DJ-1 is due to the reduction in apoptotic signaling, presumably by lowering intracellular levels of glyoxals. In order to test the possibility that the glyoxal-induced death is associated with oxidative stress, we observed SH-SY5Y cells for an increase in reactive oxygen species (ROS) with CM-DCF fluorescence (Supplementary Material, Fig. S5 ). The results show very little increase in fluorescence upon glyoxal treatment compared with that of the hydrogen peroxide-treated control. The glyoxal-induced death resulted in an accumulation of N1-carboxymethyl lysine (CML), the glycated protein, which disappears with an addition of aminoguanidine (AG), the compound specifically reacting with glyoxals (Fig. 4B) . On the other hand, deaths of SH-SY5Y cells with hydrogen peroxide were neither protected by AG nor accompanied by an accumulation of CML-containing proteins, suggesting that glyoxal-induced death is unlikely to involve the change in ROS.
The role of DJ-1 in protecting cells from glyoxals was also assessed in C. elegans by carrying out a survival assay after treatment of worms with GO or MGO (Fig. 4C) . The djr-1.1 mutant showed decreased viability compared with that of the WT, while the effect of glyoxal in djr-1.2 mutants was slightly less, implying that cDJR-1.1 plays a primary role in protecting worms from these aldehyde compounds. The importance of cDJR-1.1 was further substantiated by the fact that rescuing only djr-1.1 in djr-1.1 djr-1.2 double-mutant worms was able to exert protection against glyoxals, close to the WT level. The catalytic mutant of cDJR-1.1 (C106S) failed to rescue the phenotype of double mutants in terms of glyoxal-induced death, indicating that the glyoxalase activity itself is critical in C. elegans. On the other hand, the transgenic expression of GFP::cDJR-1.2 did not significantly increase the protective effect, suggesting that the location and abundance of cDJR-1.1 relative to that of cDJR-1.2 (Fig. 3 ) may justify its major role in glyoxal detoxification. Removal of djr-1.1 and/ or djr-1.2 genes from the WT did not affect their lifespans (17 -18 days, Supplementary Material, Fig. S6A ), implying that the cDJRs may not serve as a primary scavenger for glyoxals, since the knockdown of glyoxalase I was reported to reduce lifespan (27) . Rather, the cDJRs might have other regulatory roles in response to intracellular changes of glyoxal levels.
Glyoxals cause neuronal degeneration in C. elegans that is ameliorated by cDJRs DJ-1 is known to protect dopaminergic neurons from chemicals causing PD. In C. elegans, there are eight dopaminergic neurons, including four cephalic (CEP) neurons, two anterior deirid (ADE) neurons and two posterior deirid (PDE) neurons (9) . It is well known that 6-hydroxydopamine (6-OHDA), a neurotoxin that can specifically affect dopaminergic neurons, causes degeneration of these neurons with higher sensitivity to CEP neurons (28) . Neurons exhibit morphological changes of blebbing, cell body rounding and eventual loss of cells. We observed similar dose-dependent degeneration of CEP neurons when treated worms with glyoxal or methylglyoxal (Supplementary Material, Fig. S7 ). The characteristic loss of dopaminergic neurons was monitored with transgenic worms containing dopaminergic neuronal marker P dat-1 ::mCherry, showing progressive changes of blebbing and cell body loss (Fig. 5A ). When larval worms from WT and mutants were treated with 50 mM GO or 20 mM MGO, respectively, the significant loss (.20%) of intact CEP was observed in djr-1.2 and djr-1.1;djr-1.2 strains compared with that of the WT (Fig. 5B ). The GFP::cDJR-1.2 transgenic worms derived from djr-1.1;djr-1.2 restored neuronal survival to the WT level. Since the role of cDJR-1.1 in protecting CEP dopaminergic neuron was negligible, we did not test the glyoxal effect for the djr-1.1 rescue construct in djr-1.1;djr-1.2 mutant worms. Under the same conditions without glyoxals, mutants lacking cDJR-1.1/1.2 did not show any difference in CEP viability compared with that of the WT (unpublished data). The loss of CEP neurons observed with sub-lethal concentrations of glyoxals indicates a neuronal susceptibility to these chemicals, which can be protected by cDJR-1.2 exerting detoxification activity. In order to test whether djr-1.2 protects other neurons, we generated a transgenic line containing P srb-6 :: mCherry that was used to visualize ASH and ADL, 2 of the 12 chemosensory neurons located in the anterior region of the pharynx. Treatment of glyoxals also resulted in progressive changes of dendrite blebbing and cell body loss of these neurons (Fig. 5C) , suggesting that the neurotoxicity of glyoxals is not specific to dopaminergic neurons. However, cDJR-1.2 failed to protect these neurons upon glyoxal treatment (Fig. 5D) , suggesting that the neuroprotective activity of cDJR-1.2 is not effective in all types of neurons, but rather likely to be specific in dopaminergic neurons.
DISCUSSION
Detoxifying reactive a-oxoaldehydes is crucial, since accumulation of these metabolites exerts deleterious effects on cellular macromolecules such as nucleic acids and proteins, leading to an accumulation of toxic AGEs (10, 12) . Moreover, a-oxoaldehydes are associated with decrease in GSH (29), Human
induction of apoptosis (30) and disease progression, e.g. diabetes (12) . Earlier studies on PD suggested an accumulation of intracellular glyoxals as a cause of neurodegenerative diseases (11) . Although glyoxalase I/II and AKRs are well known for removing a-oxoaldehydes, severe or prolonged exposure of cells to such chemicals causes abnormality in the function of detoxifying enzymes, presumably due to depletion of glutathione or NADPH (27) . Reports on elevated glutathione levels in DJ-1 overexpressing cells (31) may support the role of DJ-1 as a glyoxalase, scavenging a-oxoaldehydes. The evolutionary conservation of glyoxalase enzymes in diverse species including human, C. elegans and bacteria (18) is apparent from their structural homology, conserved catalytic residues and the presence of cysteine as a crucial residue for enzymatic activity (Figs 1 and 4) . Generalization of glyoxalase function in DJ-1 superfamily proteins awaits further experiments to determine their enzymatic specificities. For example, the E. coli YajL protein, the closest bacterial homolog of human DJ-1 (32), did not show activity to methylglyoxal (5 -10 mM, J.-y.L. and C.P., unpublished data), although unlike HchA their dimeric structures are very much alike. On the other hand, DJ-1b of D. melanogaster, containing a tyrosine instead of the catalytic histidine in its predicted three-dimensional structure (http://swissmodel.expasy.org), exhibits normal level of glyoxalase activity even with a mutation in the tyrosine residue (Supplementary Material, Table S1 ). Caenorhabditis elegans cDJR-1.2 was shown to have significant protective effects against GO and MGO in CEP neurons (Fig. 5) , and also on 6-OHDA (ca. 20%, Supplementary Material, Fig. S8 ), indicating that C. elegans cDJR-1.2 exerts neuro-protective effects, as in the mammalian DJ-1 (30, 33) . This result may be due to high expression of cDJR-1.2 in IL-2 IL neurons and some other neuronsupporting glial cells in the head region. It is uncertain whether CEP death is due to an absence of DJ-1 in the dopaminergic neuron itself, albeit undetectable with the GFP fusion, or due to misfunction of other supporting cells, including glial cells. The protection of CEP neurons by cDJR-1.2 might be due to its catalytic role reducing local concentration of glyoxal in the head region. As a matter of fact, some effects of cDJR-1.2 on glycation of cellular proteins were detected when we treated WT and Ddjr-1.2 worms with GO that was subject to western blot analysis using anti-N1-CML antiserum (Supplementary Material, Fig. S6B ). The absence of cDJR-1.2 considerably increased CML, which is even higher than that of worms lacking cDJR-1.1.
Previous reports indicate that DJ-1 preferentially protects dopaminergic neurons upon oxidative stress (7, 34) . The exact relationship between oxidative stress condition and the 
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Human Molecular Genetics, 2012, Vol. 21, No. 14 intracellular level of carbonyl compounds has not yet been established. Our data indicating that the glyoxal effect, efficiently masked by AG treatment, does not elicit the detectible level of ROS increase appear to suggest that the role of DJ-1 in protecting glyoxal itself certainly exist, although we cannot completely rule out the possibility of an involvement of other DJ-1 functions, i.e. transcriptional activation (35) or molecular chaperone (36) . Measuring worm viability upon exposure to glyoxals revealed that the loss of cDJR-1.1 results in considerably higher susceptibility in vivo to glyoxals than that of cDJR-1.2. This correlates with the results in Table 2 , in which crude extracts from Ddjr-1.2 worms show fairly high specific activity towards both MGO and GO, compared with that of Ddjr-1.1 extracts. It is likely that cDJR-1.1 primarily contributes to protecting worms upon carbonyl stress, presumably due to its higher enzymatic activity and abundant expression in the intestine, while cDJR-1.2 does its job in more specific locations such as neuron and some other cells.
In rat hepatocytes and SH-SY5Y cells, it was reported that the treatment of GO or MGO resulted in collapsed mitochondrial membrane potential, depletion of GSH and an increase in ROS (29, 37) . The possibility of glyoxal as an inhibitor of the mitochondrial electron transport chain was also raised, providing a clue to understand DJ-1's role in carbonyl stress and mitochondrial dysfunction (38) . Furthermore, recent studies emphasize the importance of DJ-1 in controlling mitochondria dynamics, in which an ablation of DJ-1 results in decreased mitochondrial potential, increase in mitochondria fragmentation, increase in ROS and induction of autophagic markers (39, 40) . While knockdown of other PD-associated genes such as pink1 and parkin also result in mitochondrial dysfunction, DJ-1 has been suggested to serve independently in protecting Human Molecular Genetics, 2012, Vol. 21, No. 14 3221 mitochondria from that of PINK1/Parkin (40, 41) . We believe that this mechanistic independence of DJ-1 action is due to its primary role as a glyoxalase scavenging reactive aldehydes.
MATERIALS AND METHODS
Protein purification
The cDNAs of djr-1.1, djr-1.2, DJ-1b, mDJ-1, hDJ-1 and their mutants were cloned into pET21a/pET15b vectors, which express N-term 6xHis-tagged cDJR-1.1 and C-term 6xHis-tagged cDJR-1.2, DJ-1b, mDJ-1 and hDJ-1. The cloned vectors were transformed into E. coli BL21(DE3), which were grown at 378C in LB broth containing 0.1 mg/ml of ampicillin until the OD 600 reached 0.4. Isopropyl-b-D-thiogalactoside (IPTG, 0.25 mM) was then added to over-produce protein, and cells were further incubated at 378C for 4 h. After centrifugation, cells were resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0) containing 14.3 mM b-mercaptoethanol and 0.5 mM phenylmethylsulfonylfluoride, followed by sonication and centrifugation (16 000g) at 48C for 30 min. The supernatant was loaded onto the Ni 2+ -NTA column, and the protein was eluted with 10-250 mM imidazole gradient. The purified proteins were subjected to dialysis using 100 mM Na 3 PO 4 (pH 6.0) buffer.
H-NMR and HPLC analysis
For the detection of enzyme product, purified human DJ-1 was reacted with 3 mM MGO or 5 mM GO in 100 mM potassium phosphate buffer (pH 6.8) for 30 min, and subjected to NMR experiment. Measurements were made in 600 ml solution with 10% D 2 O as a locking substance. The proton NMR was carried out using short pulse width (3 ms) and long relaxation delay (5 s) for quantitative analysis. For detecting reaction products of cDJR-1.1/1.2, 10 ml of 5 M PCA was added to 90 ml of the reaction mixture, which was centrifuged (16 000g) and filtered through polyvinylidene fluoride membranes (pore size of 0.2 mm). Twenty microliter of the filtered samples were subjected to chromatographic analysis with HPLC equipped with the LC-20AB pump, SPD-20A UV monitor and a SIL-20A auto sampler (Shimadzu). A 250 mm × 4.6 mm stainless steel Prevail C18 column (Alltech, USA) was used with the flow rate of 1 ml/min and with acetonitrile/10 mM H 3 PO 4 buffer (pH 2.5) as a mobile phase. Both lactic and glycolic acids were detected at 210 nm at room temperature.
Enzyme activity
One hundred micrograms of purified DJ-1s (50 mg in the case of hDJ-1) in 100 mM Na 3 PO 4 buffer (pH 6.0 for cDJR-1.1, cDJR-1.2 and pH 6.8 for others) were added with various concentrations of glyoxals in a total reaction volume of 500 ml. The reaction was proceeded at 458C for predetermined lengths of time, and stopped by adding 90 ml of 0.1% 2,4-dinitrophenylhydrazine (DNPH) solution in 210 ml of H 2 O. The solution was incubated for 15 min at room temperature, and 420 ml of 10% NaOH was added. After further incubation for 15 min, absorbance (570 nm for GO and 540 nm for MGO) was measured, and the initial velocities were used to obtain kinetic values. The Sigma-plot program was used to plot the results obtained with the Michaelis -Menten and Lineweaver -Burk equations. His-tagging to DJ-1 did not influence its enzymatic activity, since the same protein without a tag exhibited similar degree of enzymatic activity (unpublished data). Specific activities of worm/mouse extracts were measured with the same assay method for 2 mg of each samples by incubating with 10/8 mM GO at 22/378C, respectively. One unit of the specific activity was defined as the amount of enzyme used to convert 1 mmol substrate per minute. Measurement of glyoxalase I activity was carried out with 10 mM GO, 10 mM GSH and 1 mg of tissue extract in 100 mM Na 3 PO 4 buffer (pH 7.4), which were incubated for 10 min at RT to form S-2-hydroxyethylglutathione that was measured at 240 nm. . Both strains show significant neuronal loss upon treatments of glyoxals, compared with that of non-treated control: the experiments were replicated four times, and 50 worms were used for each experiment; * P , 0.05, * * P , 0.01 and # P , 0.001 by student's t-test after post hoc Bonferroni correction.
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Cell culture and viability assay
MEFs were prepared from E13.5 embryos of DJ-1 knockout mouse. DJ-1 2/2 MEFs were infected with retroviruses to express WT and mutant DJ-1s (E18D, E18A and C106A). The Flag-tagged WT and mutant DJ-1s contained in pMSCV (murine stem cell virus) were transfected to HEK-293T using polyethyleneimine (PEI, sigma). After 2 days, culture supernatant containing retroviruses were harvested and used to infect DJ-12/2 MEFs with 3 mg/ml polybrene. The infected MEFs were selected with 2 mg/ml puromycin and maintained for further use. The human SH-SY5Y cells were transfected with the Flag-tagged WT DJ-1 using lipofectamine 2000 and selected with 500 mg/ml of G418. Stable clones were picked, grown and cultured in a humidified atmosphere with 5% CO 2 at 378C. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 100 units/ml of penicillin and 100 mg/ml of streptomycin (Hyclone).
The infected MEFs were cultured in 96-well plates, adhered for 24 h and treated with 2 mM GO in DMEM for 16 h, washed with phosphate buffered saline (PBS) and added with a mixture of 90 ml DMEM (without phenol red, due to fluorescence interference) plus 10 ml Prestoblue (Invitrogen) per well, following the manufacturer's protocols. The fluorescence was measured using Infinite M200 (Tecan) with excitation at 560 nm and emission at 590 nm. The SH-SY5Y stable cell lines were treated with 2 mM GO or 300 mM H 2 O 2, , with or without 2 mM AG (sigma) in DMEM for 16 h, and cell viability was measured using Prestoblue as described above.
ROS measurement
To determine the levels of intracellular ROS in SH-SY5Y cells, we used fluorescent dye, CM-H 2 DCF-DA (Invitrogen), which is passively permeant to cells, whose acetate groups are hydrolyzed by intracellular esterases. Adducts formed with intracellular ROS generate fluorescent CM-DCF. The SH-SY5Y cells (with the vector constructs) cultured 24 h on dishes were incubated with 10 mM CM-H 2 DCFDA for 30 min at 378C. The cells were then treated with 300 mM H 2 O 2 or 2 mM GO in DMEM for 30 min at 378C. After washing with PBS, intracellular ROS levels were analyzed with FACS (LSR II, BD Biosciences). For fluorescence microscopy (Olympus IX71), cover slips contained in 12-well plates were coated with poly-L-lysines. ROS levels were observed with 10× objective and analyzed using DeltaVision software (Applied Precision Inc.).
Immunoblotting
For immunoblotting, SH-SY5Y cells were harvested and lysed in radioimmunoprecipitation assay buffer (20 mM Tris -HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 2 mM EGTA, 1 mM Na 3 VO 4 , 50 mM b-glycerophosphate, 50 mM NaF, 1% Triton X-100 and protease inhibitor cocktail). The lysates were separated by SDS -PAGE and transferred to a nitrocellulose membrane. The membranes were blocked for 2 h in 5% skim milk in TBS-Tween-20 at room temperature, followed by incubation at 48C for overnight with antisera against DJ-1 (Lab work), Actin (Sigma), N1-CML (R&D systems), PARP, phospho-p38 or p38 (Cell signaling). After washing three times, membranes were incubated with horseradish peroxidaseconjugated secondary antibodies in TBS-Tween-20. The proteins were developed and visualized using LAS-4000 (Fujifilm).
Caenorhabditis elegans strains and their maintenance
Caenorhabditis elegans strains were cultured according to the standard methods (42) and fed on mutant bacteria MG1655 DhchA DyafB DyqhD, which are unable to detoxify glyoxals due to deletions in glyoxalse III, AKR and aldehyde reductase. N2 Bristol was used as a WT, from which djr-1.1(tm918), djr-1.2(tm1346), HO1087 (djr-1.1(tm918)II; djr-1.2(tm1346)V) were originated. Transgenic lines used in viability assay contain promoters specific for djr genes fused to GFP, P djr-1.1 ::djr-1.1::gfp and P djr-1.2 ::gfp::djr-1.2, whose polymerase chain reaction (PCR) products were microinjected into the gonad of young adult (HO1087). Abbreviations of genotypes are as follows: D1, djr-1.1(tm918); D2, djr-1.2(tm1346); DD, HO1087; DD+1, djr-1.1;djr-1.2 plus P djr-1.1 ::djr-1.1::gfp; DD+2, djr-1.1;djr-1.2 plus P djr-1.2 ::-gfp::djr-1.2; DD+1(C106S), djr-1.1;djr-1.2 plus Pdjr-1.1::djr-1.1(C106S)::gfp. Strains used in neuronal degeneration assay were generated by microinjecting P dat-1 :: mCherry into WT and cDJR knockout strains described above.
Construction of transgenic worms
Translational fusion of djr-1.1 and gfp (P djr-1.1 ::djr-1.1::gfp) were created by PCR. Four kilobase pair upstream of the initiation codon to the end of the third exon of djr-1.1 was amplified from C. elegans genomic DNA and fused with amplified gfp from pPD95.79. P djr-1.2 ::gfp::djr-1.2 were created using the same method described above, except for an extra 2 kb upstream of the initiation codon. P dat-1 ::mCherry and P srb-6 :: mCherry were also made by connecting 1 kb regions upstream of dat-1 and srb-6 start codons with mCherry, respectively, which were amplified from pKA384 (from SJ. Lee, Pohang University of Science and Technology). The PCR constructs were microinjected into WT and mutant hermaphrodites, and transgenic lines were confirmed by single-worm PCR, using primers recognizing djr-1.1 and 1.2 sequences.
Lifespan and viability assays for worms
For measuring lifespan, 1-day-old adult worms were transferred onto nematode growth medium (NGM) plates, and survivals of worms were checked daily. For assaying viability upon GO/ MGO treatment, 1-day-old adult worms were transferred to NGM plates containing 200 mM GO/100 mM MGO, and survival of worms was checked every 2 h. Worms were considered dead if not responding to touch with a platinum wire. Several drops of 10 mg/ml palmitic acid (dissolved in ethanol) were placed on the edge of the plates and dried to create a physical barrier that can prevent worms from crawling out NGM plates.
Preparation of mouse tissues and worm extract
For measuring enzyme activity, liver and brain from mice were removed and added with 100 mM Na 3 PO 4 buffer (pH containing bacteria for food. After incubating for 6 days, worms were harvested, washed and sonicated with 100 mM Na 3 PO 4 buffer (pH 6.0) containing 1 mM DTT and protease inhibitor cocktail. The sonicated samples were centrifuged (16 000g) at 48C, and the supernatant was subject to dialysis with 100 mM Na 3 PO 4 buffer (pH 6.0), containing 1 mM DTT in order to eliminate co-factors that may complicate an involvement of other glyoxal detoxifying activities. Protein concentrations (mg/ml) of the mouse and worm extracts were determined by Bradford assay. One microliter of the sample extract was added to 99 ml of H 2 O plus 1 ml of Bradford solution (BioRad) and vortexed, and the absorbance was measured at 595 nm. The protein standard was obtained by serially diluting bovine serum albumin (BSA), in which A 595 ¼ (sample concentration 2 0.0052)/0.0818 was used for calculation.
Immunostaining and microscopy COS7 cells were cultured on a cover glass, being placed inside a 12-well plate, with high glucose DMEM plus 10% FBS. Flag-tagged djr-1.1 and djr-1.2 cloned in pDK-FLAG1 were transfected into cells using PEI solution, and immunostaining was performed after 24 h of transfection. For immunostaining, cells were treated with mitotracker for 30 min and washed with ice-cold 1× PBS. Cells were then treated with 2% paraformaldehyde for 15 min at RT, washed with 0.1% PBS-Triton X-100 (PBST), and treated with 0.5% PBST for 5 min at RT. After washing with 0.1% PBST, cells were incubated with blocking solution (0.1% PBST, 3% BSA and 1:100 of goat normal serum) for 1 h at 378C, followed by a treatment with anti-Flag M2 (Sigma) in blocking solution (1:200) for 1 h at RT. After washing three times with 0.1% PBST, cells were further incubated with anti-mouse-FITC (Sigma) at dark for 1 h at RT and washed three times with 0.1% PBST. Washed cells were mounted on a slide glass using DAPI-containing vectashield (Vector Laboratories), and images of the immunostained cells were captured with Zeiss 510 confocal microscope. For imaging GFP-expressing and DiI-stained worms, organisms were paralyzed by placing on a 2% agar pad in a drop of 12.5% sodium azide and observed under fluorescence microscopy.
Antibody production
Full-length cDNAs of djr-1.1 and djr-1.2 were cloned into vector pET21a and expressed in E. coli BL21(DE3). Proteins were purified using Ni 2+ -NTA resin as described above, and 60 mg of protein was injected into guinea pigs every week. After 10th injection, polyclonal antiserum was obtained by taking supernatant after incubating the blood for 1 h at 378C and centrifugation (16 000g) at 48C.
Observation of neuronal degeneration
Age-synchronized L3 worms were treated with 50 mM GO (2 days) or 20 mM MGO (1 day) in 1× PBS containing bacteria as food. The worm solution was placed in a micro test tube with a total volume of 1 ml and incubated at 208C. For 6-OHDA experiment, L3 worms were treated with 2 mM 6-OHDA plus 5 mM ascorbic acid for 2 days. In order to prevent worms from drowning, worm and chemical-containing micro test tubes were constantly rotated using Rotamix RM1. Worms were then poured onto NGM plates and incubated for additional 12 h for recovery. Live worms were paralyzed by placing worms on a 2% agar pad in a drop of 12.5% sodium azide, and worms with normal CEP neurons were counted under fluorescence microscopy. Neurons with 'dendrite blebbing', 'cell body rounding', or 'cell body loss' were considered as affected.
Statistical analysis
All statistical analysis was performed using the Prism software. Two-tailed student's t-test was used to assess differences between control and other groups, and the log-rank test was used for survival analysis.
